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Patterning of the terminal regions of the Drosophila embryo is achieved by an exquisitely regulated
signal that passes between the follicle cells of the ovary, and the developing embryo. This pathway,
however, is missing or modiﬁed in other insects. Here we trace the evolution of this pathway by
examining the origins and expression of its components. The three core components of this pathway:
trunk, torso and torso-like have different evolutionary histories and have been assembled step-wise to
form the canonical terminal patterning pathway of Drosophila and Tribolium. Trunk, torso and a gene
unrelated to terminal patterning, prothoraciotrophic hormone (PTTH), show an intimately linked
evolutionary history, with every holometabolous insect, except the honeybee, possessing both PTTH
and torso genes. Trunk is more restricted in its phylogenetic distribution, present only in the Diptera
and Tribolium and, surprisingly, in the chelicerate Ixodes scapularis, raising the possibility that trunk and
torso evolved earlier than previously thought. In Drosophila torso-like restricts the activation of the
terminal patterning pathway to the poles of the embryo. Torso-like evolved in the pan-crustacean
lineage, but based on expression of components of the canonical terminal patterning system in the
hemimetabolous insect Acyrthosiphon pisum and the holometabolous insect Apis mellifera, we ﬁnd that
the canonical terminal-patterning system is not active in these insects. We therefore propose that the
ancestral function of torso-like is unrelated to terminal patterning and that torso-like has become co-
opted into terminal patterning in the lineage leading to Coleoptera and Diptera. We also show that this
co-option has not resulted in changes to the molecular function of this protein. Torso-like from the pea
aphid, honeybee and Drosophila, despite being expressed in different patterns, are functionally
equivalent. We propose that co-option of torso-like into restricting the activity of trunk and torso
facilitated the ﬁnal step in the evolution of this pathway; the capture of transcriptional control of target
genes such as tailless and huckebein by this complex and novel patterning pathway.
& 2013 Elsevier Inc. All rights reserved.Introduction
In Drosophila, one of the earliest embryonic patterning events
controls the speciﬁcation of the anterior and posterior termini, via
a process known as terminal-patterning. This process is con-
trolled by maternal RNAs which are provided to the oocyte during
oogenesis, and results in the spatially restricted activation of the
receptor tyrosine kinase torso (tor) (Sprenger et al., 1989), by the
presumptive ligand trunk (trk) (Casali and Casanova, 2001;
Casanova, 1990; Casanova et al., 1995). The spatial restriction of
this pathway to the poles of the embryo appears to be mediated
by a third protein, torso-like (tsl) (Savant-Bhonsale and Montell,
1993), but the exact role of tsl in mediating this speciﬁcityll rights reserved.
E.J. Duncan),
go.ac.nz (P.K. Dearden).
and Development, Zoology
ridge, UK.is currently unknown (reviewed in Furriols and Casanova,
2003). Activation of tor causes an intracellular Ras-Raf-MAP-K/
Erk phosphorylation cascade that ultimately leads to the expres-
sion of the zygotic target genes tailless (tll) and huckebein (hkb),
likely via degradation of the transcriptional repressor capicua
(Grimm et al., 2012). Correct expression of tll and hkb are integral
for the speciﬁcation of the non-segmented head and tail regions
in Drosophila, the acron and the telson (Furriols and Casanova,
2003).
Components of this pathway, namely tor and tsl, are also
required for patterning the anterior-most structure, the extraem-
bryonic serosa, in Tribolium castaneum (Schoppmeier and
Schroder, 2005). Recently, the Tribolium ortholog of trk has been
shown to be maternally provided and essential for terminal
pattering (Grillo et al., 2012). Tribolium is a short-germ band
insect, in which the embryo extends from the posterior growth
zone, which is segmented progressively, unlike Drosophila, a long-
germ band insect, in which all segments are speciﬁed simulta-
neously (Davis and Patel, 2002). The terminal-patterning pathway
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ior growth zone, a process that requires wingless (wg) expression
(Schoppmeier and Schroder, 2005; Schroder et al., 2000). The
terminal-patterning pathway is also likely to be active in Diptera
other than Drosophila, including the mosquito Anopheles gambiae
(Goltsev et al., 2004) and the cyclorrhaphan ﬂy Episyrphus (Lemke
et al., 2010). The targets of the terminal patterning pathway are
evolutionarily labile amongst the Diptera, for example hkb is not
expressed in the blastoderm embryo of Clogmia albipunctata
(Garcia-Solache et al., 2010) and in the cyclorrhaphan ﬂy Episyr-
phus tor has additional roles in regulating anterior patterning,
possibly through repression of caudal and activation of orthoden-
ticle (Lemke et al., 2010).
The deeper evolutionary history of the canonical terminal-
patterning pathway is, however, unclear, as key components of
the pathway are missing in some insects, including the pea aphid
(Acyrthosiphon pisum) (Shigenobu et al., 2010), the silkmoth
(Bombyx mori) and the honeybee (Apis mellifera) (Dearden et al.,
2006). Furthermore, canonical terminal patterning is not active in
the long-germ band honeybee (Wilson and Dearden, 2009) or the
jewel wasp Nasonia vitripennis (Lynch et al., 2012) and is not
required to establish the early expression domains of the tll gene
(Lynch et al., 2006; Wilson and Dearden, 2009).
Current phylogenomic studies place Hymenoptera as a basal
radiation of the holometabolous insects (Krauss et al., 2008; Savard
et al., 2006; Zdobnov and Bork, 2007) raising the question of
whether terminal patterning is an ancestral trait in insects that
has been lost selectively in the lineage leading to honeybees, or
conversely, whether terminal patterning has evolved in the lineage
leading to Drosophila and Tribolium (Lynch et al., 2012). To attempt
to better understand the evolution of the canonical terminal
patterning system, we have examined the evolution of its compo-
nents using the genome sequences of diverse arthropods, and by
examining expression of these genes in the holometabolous insect
A. mellifera, and the hemimetabolous insect A. pisum.Materials and methods
Insect culture
A. mellifera were cultured using standard techniques in Dunedin,
New Zealand. A. mellifera embryos were collected from frames
removed from nucleus boxes containing small A. mellifera colonies.
A. mellifera queens were collected and dissected as previously
described (Dearden et al., 2010). Drosophila were reared using
standard techniques. The A. pisum strain used in this study was
provided by Plant and Food Research, New Zealand. Parthenogenetic
aphid clones were maintained on broad beans (Vicia faba) in growth
chambers with a long-day photoperiod (16L:8D) at 15–20 1C. The
sexual phenotype was induced transferring aphids to a growth
chamber at 15 1C with short-day photoperiod (13L:11D). Aphid
embryos were staged according to Miura et al. (2003) and Chang
et al. (2006) Honeybee embryos were staged according to the
scheme of DuPraw (1967) and stages of oogenesis according to
Wilson et al. (2011). Drosophila embryos were staged according to
the scheme of Campos-Ortega and Hartenstein (1997).
Phylogenetic and bioinformatics analyses
Orthologs of terminal patterning genes were obtained using a
combination of methods; orthologs of torso-like were identiﬁed
from genome data (Supplementary Table 1) using Blast algorithms
(Altschul et al., 1990). Orthologs of trk and PTTH were identiﬁed
by constructing a custom hidden Markov model (HMM) motif
(Supplementary File 1), and using this motif to scan predicted proteinsequences from databases (Supplementary Table 1) using the
HMMER (v3.0) suite of programs (Eddy, 1998). HMM motifs are
statistical models that deﬁne sequence similarity within a homo-
logous gene family. These motifs can be used to scan protein
sequences to identify potentially homologous proteins, even when
the overall sequence conservation levels are quite low. Receptor
tyrosine kinase domain containing proteins were also identiﬁed using
HMMER and the pfam motif (PF07714.9).
Multiple alignments were carried out using ClustalX (Thompson
et al., 1994) or Clustal Omega (Sievers et al., 2011) and analyzed
using MrBAYES v3.1.2 (Ronquist and Huelsenbeck, 2003), initially
under mixed models then using the most appropriate models (tsl
phylogeny¼ Jones (Jones et al., 1992), trk/PTTH and tor phylogen-
ies¼WAG (Whelan and Goldman, 2001)). The Monte Carlo Markov
Chain search was run with four chains over 1,000,000 generations
with trees sampled every 1000 generations. The ﬁrst 25% trees were
discarded as ‘burn-in’. Receptor tyrosine kinase domains extracted
using HMMER (Eddy, 1998) were aligned using Clustal Omega
(Sievers et al., 2011) and a neighbor-joining phylogeny was con-
structed using QuickTree v.1.1 (Howe et al., 2002) with 100 boot-
strap replicates. The torso clade was then reanalyzed using Bayesian
phylogeny, as detailed above.
In situ hybridization, immunohistochemistry, cuticle preparations
and microscopy
In situ hybridization was carried out as previously described
for honeybees (Dearden et al., 2010; Osborne and Dearden, 2005),
aphids (Duncan and Dearden, 2010; Shigenobu et al., 2010) and
Drosophila (Tautz and Pfeiﬂe, 1989). Digoxigenin (DIG) labeled
RNA probes were produced by in vitro transcription (refer to
Supplementary Table 2 for primer sequences). All in situ hybridi-
zations were carried out on at least three independent occasions
and representative images are shown. Sense controls for these
in situ hybridizations are provided in Supplementary Fig. 1.
Immunohistochemistry was carried out as previously described
for aphids (Miura et al., 2003) with minor modiﬁcations; dissected
ovaries were ﬁxed for 30 min in a 1:1 mix of 4% formaldehyde:-
heptane in PBS. After ﬁxing, the lower (heptane) phase was removed
and replaced with methanol equilibrated to 20 1C. Embryos were
stored overnight in methanol at 20 1C before rehydration through
a methanol:0.3% Triton-X 100 in 1 PBS series. Following bleaching
of endogenous peroxidases an antigen retrieval step was performed
by incubating the ovaries at 95 1C in 0.01 M sodium citrate (pH 6.0)
for 1 h. Activated ERK/MAPK was detected using a monoclonal
antibody raised against the activated di-phosphorylated form of
ERK (dp-ERK) (Sigma M8159) at a dilution of 1 in 100.
Drosophila immunohistochemistry was performed using anti-
even-skipped (1 in 50; (Patel et al., 1994) or anti-dp-ERK (1:50;
Sigma M8159). Secondary antibodies were diluted 1 in 200 and
detected by 3,3-diaminobenzidine tetrahydrochloride (DAB)
staining (Patel, 1994).
Cuticle preparations were prepared by mounting dechorionated
Drosophila embryos in Hoyer’s medium using established methods
(Stern and Sucena, 2000) and visualized using darkﬁeld microscopy.
Generation of transgenic Drosophila
Full-length coding sequences from Drosophila, honeybee and
aphid tsl and aphid tslr were obtained by PCR and cloned into the
Gateway entry vector PCR8 (Invitrogen). The sequence veriﬁed
entry vector was then recombined into pP{UASp-DEST} (pPW)
(Rorth, 1998), and germline transformants of Drosophila obtained
by microinjection of the resulting plasmid into Drosophila w118
embryos (Rubin and Spradling, 1982). Expression was driven in
the adult ovary by crossing tsl lines with the P[GawB]109C1 and
Fig. 1. Phylogeny of components of the canonical terminal-patterning pathway: (A) Bayesian phylogeny of arthropod Noggin-like proteins. Noggin-like domains were
isolated from annotated protein sequences from sequenced metazoan genomes. Posterior probabilities are shown at nodes, tree is rooted with the Noggin-like sequence
identiﬁed in the Amphimedon genome. This analysis reveals three well supported clades, an ancestral clade one corresponding to the ‘‘Noggin-like’’ proteins (green box).
This clade contains representatives from the Lophotrochozoa, Deuterostomes and Ecdysozoa. The second clade contains the trunk proteins from Drosophila and Tribolium
and the third clade the PTTH proteins. (B) Bayesian phylogeny of arthropod RTK sequences related to torso. Posterior probabilities are shown at nodes, tree is mid-point
rooted. Three clades are identiﬁed, each clade, including the torso clade, contains at least one representative from the chelicerate Ixodes indicating that these RTK families
were present in the last common ancestor of insects and chelicerates. Abbreviations are Ae¼Acromyrmex echinatior, Ag¼Anopheles gambiae, Ap¼Acyrthosiphon pisum,
Bm¼Bombyx mori, Cf¼Camponotus ﬂoridanus, Dp¼Daphnia pulex, Dm¼Drosophila melanogaster, Is¼ Ixodes scapularis, Nv¼Nasonia vitripennis, Ph¼Pediculus humanus,
Rp¼Rhodnius prolixus, Tc¼Tribolium castaneum, tu¼Tetranychus urticae. The numerical sufﬁx refers to accession numbers from the relevant databases. (C) Bayesian
phylogeny of torso-like protein sequences. Posterior probabilities are shown at nodes, tree is rooted with the crustacean Daphnia pulex torso-like protein. Nodes that are in
blue font represent genes that were investigated by in situ hybridization in this study.
E.J. Duncan et al. / Developmental Biology 377 (2013) 245–261 247P[GawB]c135 GAL4 driver lines (data not shown) and with the the
P[matalpha4-GAL-VP16]V37 driver line. Drosophila were main-
tained at 25 1C and crosses were set up and embryos collected on
at least three independent occasions.Results
Components of the terminal-patterning pathway arose independently
at different points in the evolution of arthropods
Using available genome sequences (Supplementary Table 1), we
attempted to identify orthologs of trk, tor and tsl in a number of
diverse species. In order to sample the broadest phylogenetic range
possible we selected taxa from the holometabolous insects (Diptera,
Coleoptera, Lepidoptera and Hymenoptera), hemimetabolous insects
(Hemiptera and Phthiraptera), crustacea (Daphnia pulex) and chelice-
rates Ixodes scapularis and Tetranychus urticae. For identifying sequ-
ences related to trk we extended this analysis beyond the Ecdysozoa,
analyzing all of the genomes listed above, but also selecting repre-
sentatives from the other two major groupings of animals; the
Lophotrochozoans (Capitella teleta) and the Deuterostomes (Xenopus
tropicalis and Ciona intestinalis). We also analyzed the genome of the
basal metazoan Amphimedon queenslandica.Trk, the ligand of the terminal patterning pathway in Droso-
phila, is a cysteine knot containing protein with weak similarity
to the vertebrate Noggin family (Mushegian and Koonin, 1996).
Using the Noggin HMM motif (PF05806.3) (Eddy, 1998) two
proteins were identiﬁed in the Drosophila genome; Dm-trk and
Dm-PTTH (prothoraciotrophic hormone). Which is expected as trk
has been previously identiﬁed as the closest paralog of PTTH in
holometabolous insects (Grillo et al., 2012; Rewitz et al., 2009).
However, this HMM motif had limited power to detect orthologs
of these genes in other insect species. A custom HMM motif
was built using known trk and PTTH sequences from Tribolium,
Bombyx and Drosophila (Supplementary File 1). This motif was
used to screen all of the predicted proteins from the available
arthropod genomes. This motif was also used to screen non-
arthropod genomes including the Lophotrochozoan C. teleta, the
Deuterostomes X. tropicalis and C. intestinalis and the basal
metazoan A. queenslandica. Using this approach we recovered a
number of protein sequences related to vertebrate Noggin pro-
teins, we designated these as Noggin-like (NL) proteins.
Bayesian phylogenetic analysis of Noggin-like protein sequ-
ences robustly separates the resulting proteins into three clades
(Fig. 1A), the NL clade containing the Xenopus Noggin proteins, a
clade containing Dm-trk and a clade containing Dm-PTTH. This
implies that PTTH and trk arose as a result of duplication and
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esis, we identify a non-trk/PTTH NL ortholog in the non-insect
arthropod D. pulex, and two paralogs in the pea aphid (Ap-NL1 and
Ap-NL2). We cannot identify any NL genes in any currently
sequenced holometabolous insects.
Orthologs of PTTH are found in all holometabolous insects species
examined, with the exception of the honeybee. Of the three hemi-
metabolous insects included in this analysis only the pea aphid has
an ortholog of PTTH, but both the pea aphid and Rhodnius have
paralogs of NL genes. In contrast, orthologs of trk are only detected in
Drosophila, Tribolium and the mosquito A. gambiae, all species which
are known to have an active terminal-patterning pathway (Goltsev
et al., 2004; Grillo et al., 2012; Schoppmeier and Schroder, 2005;
Schroder et al., 2000). The trk-like clade also contains a protein
sequence from the chelicerate Ixodes. This phylogeny implicates two
alternative scenarios for the evolution of trk and PTTH. In the ﬁrst,
PTTH arose as a result of divergence and subsequent duplication of a
NL gene in the insect lineage, and trk arose as a result of a subsequent
round of duplication and divergence in the lineage leading to the
Diptera and Coleoptera. The fact that a trk gene cannot be found in
the Lepidopteran Bombyx implies a species-speciﬁc loss or may reﬂect
gaps in the genome assembly. In this scenario, the grouping of the
Ixodes protein with the insect trk proteins is a result of convergent
evolution. In the second scenario, trk evolved deeper in the arthropod
lineage, and has been duplicated to generate PTTH. This scenario
implies at least ﬁve independent losses of trk in the evolution of
arthropods. Analysis of protein sequence alignments reveals a domain
of homology shared between the NL and trk proteins (Supplementary
Fig. 2), that is not present in PTTH. This provides support for PTTH
being the derived member of this protein family.
To identify possible orthologs of the receptor tor, all receptor
tyrosine kinase (RTK) domain sequences were extracted from the
predicted proteins of the fully sequenced genomes of Drosophila
melanogaster, A. gambiae, Bombyx mori, Tribolium castaneum,
N. vitripennis, A. mellifera, Camponotus ﬂoridanus, Acromyrmex echina-
tior, A. pisum, Pediculus humanus, Rhodnius prolixus, T. urticae and
I. scapularis. Neighbor joining analysis (Supplementary File 2),
revealed a cluster of putative torso receptor tyrosine kinases, group-
ing with the heartless/breathless and Ret receptor tyrosine kinase
families. Bayesian phylogeny of these related families reveal the torso
clade contains sequences from the Dipterans, the previously identi-
ﬁed Tribolium tor ortholog, as well as orthologs from Bombyx, two ant
species (C. ﬂoridanus and A. echinatior), Nasonia and A. pisum
(Shigenobu et al., 2010) (Fig. 1B). This group also included a single
protein from the chelicerate Ixodes, but no ortholog of tor was found
in the genome of the spider-mite (T. urticae).
Orthologs of tsl were identiﬁed from every insect species
examined and the non-insect arthropod D. pulex (Fig. 1C). No
ortholog of tsl could be identiﬁed in either of the chelicerate
genomes indicating that tsl likely evolved in the pan-crustacean
lineage. There are two paralogs of tsl in the pea aphid genome
(Shigenobu et al., 2010). Phylogenetic analysis indicates that one
of these is highly diverged and groups with the Daphnia sequence
(likely a result of long branch attraction), we refer to the derived
copy of the aphid tsl gene as torso-like related (Ap-tslr). A second
copy of Ap-tslr can be detected in the pea aphid genome, however,
as it is almost identical at the nucleotide level it is likely to be a
very recent duplication event or a genome assembly error, and
cannot be speciﬁcally detected by RT-PCR (data not shown).Torso-like has divergent expression patterns in insect ovaries
Despite being the most widely conserved component of the
terminal-patterning pathway (Fig. 1C), tsl RNA is detected in
distinct patterns and cell types in the ovaries of insects.Consistent with previously published data (Martin et al., 1994;
Savant-Bhonsale and Montell, 1993). Dm-tsl RNA is detected in
the border cells at the anterior of the egg chamber and the
posterior follicle cells at the posterior of the egg chamber
(Fig. 2A). Later in oogenesis Dm-tsl RNA is also detected in the
centripetal cells adjacent to the anterior end of the oocyte
(Fig. 2B). It is this spatial restriction of Dm-tsl that is thought to
confer spatial speciﬁcity to the terminal-patterning pathway
(Savant-Bhonsale and Montell, 1993). To determine whether the
orthologs of tsl we have identiﬁed in the pea aphid and the
honeybee also have spatially restricted expression, and therefore
may have a role in terminal patterning, we examined the
maternal expression of tsl by in situ hybridization.
In honeybee queen ovaries Am-tsl RNA is detected in the
cytoplasm and nuclei of the posterior nurse cells at stage 3 of
oogenesis (arrowhead Fig. 2C). By stage 6 of oogenesis Am-tsl RNA
is detected in all of the nurse cells (double arrowhead Fig. 2C).
As the oocytes mature (stage 7) the nurse cell cluster associated
with the mature oocyte degenerates and Am-tsl RNA is detected
weakly in the degrading nurse cells (asterisk in Fig. 2C). Am-tsl
RNA is not maternally deposited into the oocyte, nor detected in
follicle cells (see enlargement in Fig. 2C), and its expression is not
polarized. It is unlikely, therefore, to have a role in axis speciﬁca-
tion, or to confer spatial orientation to the developing oocyte.
Am-tsl is, however, likely to have a role in active oogenesis as
Ap-tsl RNA is detected in the ovaries of actively reproducing
queen bees (Fig. 2C) and reproductively active (queen-less)
worker bees (Fig. 2E), but not reproductively inactive (queen-
right) worker bees (Fig. 2D). In worker bees, irrespective of their
reproductive status, Ap-tsl RNA is also detected in the ovarian
duct, indicating a possible additional function in this tissue.
The pea aphid can reproduce sexually (oviparously) or asexu-
ally (viviparously) dependent on temperature and day length.
These two modes of embryogenesis produce morphologically
identical adults, yet there are substantial differences in develop-
mental environment. Sexually produced embryos develop inside a
yolk ﬁlled egg, whilst asexually produced embryos develop inside
their mother and are born live as nymphs (Le Trionnaire et al.,
2008). We have previously shown that there are differences in the
expression of axis patterning genes between sexually and asexu-
ally produced embryos, implying the existence of two different
developmental programs in the same genome (Duncan et al., in
press). Hence we describe expression patterns of genes related to
terminal patterning in both sexual (oviparous) and asexual
(viviparous) aphids.
In aphids, Ap-tsl RNA is detected in maternal tissue of both
sexual (oviparous) and asexual (viviparous) ovaries, but in differ-
ent expression patterns. In asexual ovaries, where embryonic
development occurs within the mothers abdomen, Ap-tsl RNA is
not detected in either the nurse or follicle cells as the oocyte
develops, nor is it detected during early embryogenesis (Fig. 2F).
However, as the germ band begins to invaginate, Ap-tsl RNA is
detected in the maternal follicle cells at the posterior of the stage
9 embryo (Fig. 2G and H). This expression is transient and is not
detected at stage 12 as the germ band elongates (Fig. 2I). No
further maternal expression of Ap-tsl RNA is observed until late in
embryogenesis, when at stage 17 Ap-tsl RNA expression is again
observed in the posterior follicle cells (Fig. 2J). At this stage,
strong staining is seen in the follicle cells separating the most
mature embryo from the entry to the lateral oviducts (Fig. 2K).
In oviparous (sexual) ovaries, Ap-tsl RNA is weakly maternally
expressed. However, as in seen in viviparous ovaries the strongest
expression is in the posterior follicle cells late in oogenesis as the
oocyte matures. The expression of Ap-tsl in these follicle cells
initiates after the yolk begins to be deposited (compare Fig. 2L
and M with Fig. 2N and O). Just prior to Ap-tsl RNA being detected
Fig. 2. Torso-like is expressed in different cells of Drosophila, honeybee and aphid ovaries: (A) in Drosophila, tsl RNA is detected in the posterior follicle cells and the border cells at
stage 9 of oogenesis. (B) At stage 10 of oogenesis Dm-tsl RNA is detected in the centripetal cells and posterior follicle cells. (C) In reproductively active honeybee queen ovaries Am-tsl
RNA is initially detected in posterior nurse cells at stage 3 of oogenesis (arrowhead). By stage 6 Am-tsl RNA is found ubiquitously throughout the nurse cell cluster (double
arrowhead), but is not maternally provided by the oocyte and is not detected in follicle cells (refer to inset for highermagniﬁcation of follicle cells). As the oocyte matures (at stage 7),
the nurse cells atrophy (indicated by an asterisk) and Am-tsl RNA dissipates. Scale bar¼1mm and 100 mm in inset. (D) In reproductively inactive worker honeybee ovaries Am-tsl
RNA is not detected in the ovariole, but Am-tsl RNA is detected in the ovarian duct (arrowhead). (E) In reproductively active honeybee workers Am-tsl RNA is detected in a similar
expression pattern to that seen in queens; Am-tsl RNA is detected throughout the nurse cell cluster, but is not maternally deposited into the oocyte, and it is not detected in the
follicle cells. Am-tsl RNA is also detected in cells of the ovarian duct. (F) In the pea aphid Ap-tsl RNA is not detected in viviparous (asexual) oocytes, nor in the early stages of
embryogenesis. (G) At stage 9 after incorporation of the endosymbiotic bacteria Ap-tsl RNA is detected in the enlarged follicle cells at the posterior of the embryo. (H) Expression in
the posterior follicle cells persists until stage 10. (I) No Ap-tsl RNA is detected in the posterior follicle cells as the embryo matures. (J) At stage 20, as the embryo reaches maturity, Ap-
tsl RNA is again detected in the posterior follicle cells immediately adjacent to the ovarian duct. (K) Higher magniﬁcation image of posterior follicle cells that have been disassociated
from the ovarian duct. Clear staining for Ap-tsl RNA can be seen associated with these cells. Scale bar¼50 mm. (L) Ap-tsl RNA is detected weakly in the nurse cell cluster of
previtellogenic oviparous (sexual) oocytes. (M) No Ap-tsl RNA can be detected in the posterior follicle cells as vitellogenesis begins. Scale bar¼50 mm. (N) As the posterior follicle cells
undergo a change in morphology Ap-tsl RNA is detected in a sub-set of these cells ﬂanking the oocyte (arrowheads). Scale bar¼50 mm. (O) After the onset of vitellogenesis Ap-tsl RNA
can be detected in the nurse cell cluster but strongest expression is seen in the posterior follicle cells (arrowhead). (P) As the oocyte matures Ap-tsl RNA persists in the posterior
follicle cells. Scale bar¼50 mm. (Q) RNA for Ap-tslr is maternally provided to stage 0 oocytes in viviparous (asexual) ovaries. (R) Maternal expression persists throughout oogenesis.
(S) By stage 3 Ap-tslr RNA remains ubiquitous within the oocyte and is not localized. Ap-tslr RNA is not detected in the follicle cells at any of these stages. (T) In oviparous ovaries,
prior to vitellogenesis, Ap-tslr RNAweakly maternally provided to the developing oocyte. (U) After the onset of vitellogenesis, Ap-tslr RNA is detected strongly in all of the follicle cells
overlying the developing oocyte. (V) High magniﬁcation image showing an area where follicle cells have been removed to demonstrate that staining for Ap-tslr RNA is in the follicle
cells and is barely detectable in the oocyte. (W) High magniﬁcation image showing a lateral view of the follicle cell layer, demonstrating high levels of staining for Ap-tslr RNA, whilst
virtually no staining is detected in the oocyte. Scale bars indicate 100 mm unless otherwise stated. Abbreviations: afc¼anterior follicle cells, bc¼bacteriocyte, bc¼border cell,
cc¼centripetal cell, fc¼ follicle cell, nc¼nurse cell, od¼ovarian duct, oc¼oocyte, pfc¼posterior follicle cells.
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E.J. Duncan et al. / Developmental Biology 377 (2013) 245–261250the posterior follicle cells undergo a change in morphology. The
follicle cells at the posterior enlarge causing thickening and
apparent elongation of the connection between the oocyte and
the ovarian duct (compare Fig. 2M and N). Expression of Ap-tsl
persists in the most posterior follicle cells, adjacent to the ovarian
duct, until the oocyte matures (Fig. 2P).
The second tsl ortholog found in the pea aphid, Ap-tslr, has a
distinct expression pattern. Ap-tslr RNA is maternally expressed in
both viviparous (asexual) oocytes (Fig. 2Q–S) and pre-vitellogenic
oviparous (sexual) oocytes (Fig. 2T). However, in sexual (ovipar-
ous) oocytes Ap-tslr RNA is strongly detected in the follicle cells
surrounding the developing oocyte after yolk begins to be
deposited (Fig. 2U, W, and V). Expression persists in theses follicle
cells until the oocyte reaches maturity. It is difﬁcult to determine
from these in situ hybridizations whether Ap-tslr RNA accumu-
lates appreciably within the oocyte. RT-PCR of unfertilized mature
oocytes detects very low levels of Ap-tslr transcripts
(Supplementary Fig. 3), which is consistent with the expression
of Ap-tslr in follicle cells rather than accumulation within the
developing oocyte.
Based on these expression patterns it appears that Am-tsl RNA
does not have spatially restricted expression, but Ap-tsl RNA does;
it is expressed in the posterior follicle cells during embryogenesis
in asexual (viviparous) aphids, and in the posterior follicle cells
late in sexual (oviparous) oogenesis. In contrast, Ap-tslr does not
spatially restrict expression.Expression of tsl in insect embryos
Given the different patterns of tsl expression we observed in
the ovaries of honeybees, Drosophila and aphids (Fig. 2), we
wanted to determine whether tsl may play another, more con-
served, role during development. Indeed it has been shown that
tsl also has a role in tor/PTTH signaling in the prothoracic gland
(Grillo et al., 2012). We therefore examined the expression of tsl
during embryonic development by in situ hybridization.
In early Drosophila embryos Dm-tsl mRNA is detected ﬁrst at
stage 7, in cells of the procephalic neurogenic ectoderm, an
expression pattern that has not been previously reported
(Fig. 3A). Expression in this region persists until stage 11 when
Dm-tsl is expressed in cells of the ventral midline, likely the
midline glia (Fig. 3B and C) (Martin et al., 1994).
In the honeybee, RNA for Am-tsl is not detected early in
embryogenesis (data not shown). Late in embryogenesis Am-tsl
is detected in patches of cells ﬂanking the ventral midline
(Fig. 3D). Strong staining is detected in a patch of cells in each
embryonic segment from the 3rd thoracic segment to the most
posterior abdominal segment (Fig. 3E). The timing and location of
expression suggests that these may be tracheal placodes (Wilk
et al., 1996). Staining for Am-tsl is also detected in bilateral
patches of cells in the cerebrum of the embryo, anterior to the
mandibular segment (Fig. 3E0).
In aphids, Ap-tsl is not detected early in embryogenesis in
either viviparous or early oviparous embryos (data not shown).
Embryonic expression of Ap-tsl RNA is detected until stage 16 of
embryogenesis, after the germband is fully extended and the
embryo has ﬂipped as a result of katatrepsis. At stage 16 Ap-tsl
RNA is detected in four patches of cells anterior to the ﬁrst
thoracic segment (Fig. 3F). These expression domains elongate
during stage 16 towards the midline of the animal (Fig. 3G). An
additional patch of cells posterior to the initial expression
domains, expresses Ap-tsl RNA at stage 17 (Fig. 3H). The expres-
sion domains of Ap-tsl continue to elongate towards the lateral
surface of the embryo (Fig. 3I) resolving at stage 20 into two
complex swirls of cells expressing Ap-tsl RNA (Fig. 3J). The cellsexpressing Ap-tsl RNA extend towards the dorsal surface of the
animal (Fig. 3K and L).
Ap-tslr RNA is initially detected at stage 11 of embryogenesis
in viviparous (asexual) embryos. At this stage Ap-tslr RNA is
present diffusely in cells near the bacteriocyte (the specialized
cells that house the obligate endosymbiont Buchnera aphidicola
(Braendle et al., 2003)) and in a stripe of cells in a position
adjacent to the developing cephalic lobe and bisecting the pre-
sumptive thorax tissue (Fig. 3M). At stage 12 Ap-tslr RNA is
associated with cells adjacent to the bacteriocyte and appears to
overlap with the presumptive germ cells (Fig. 3N) (Chang et al.,
2007). Ap-tslr RNA continues to be detected in cells adjacent to
the bacteriocyte as the bacteriocyte is pushed to the anterior pole
as a result of germ band extension (Fig. 3O). By late stage 14 Ap-
tslr RNA is detected in cells adjacent to and covering the
bacteriocyte (Fig. 3P) at this stage Ap-tslr RNA is also detected
in bilateral diffuse stripes of cells running along the dorsal surface
of the embryo. The expression domain extends from the second
thoracic segment through to the ﬁfth abdominal segment. As the
embryo ﬂips (katatrepsis) weak staining for Ap-tslr RNA is
detected in the germ cells as they reach their ﬁnal position
(Fig. 3Q). Ap-tslr RNA is also detected in eight patches of cells
along the lateral surface of the embryo. The positions of these
cells correspond with the thoracic segments and ﬁrst ﬁve abdom-
inal segments. The timing and location of Ap-tslr RNA suggests
that these cells may be tracheal placodes, similar to the staining
seen for Am-tsl (Fig. 3D). In mature embryos (stage 20) Ap-tslr
RNA is only detected in the ovaries associated with the nurse cell
clusters and developing oocytes (Fig. 3R).
Based on these expression patterns it appears that there are
conserved aspects in the expression of tsl during embryogenesis,
for instance Dm-tsl, Am-tsl and Ap-tsl are all expressed in regions
of the developing brain. However, the details of these expression
patterns differ. Am-tsl and Ap-tslr also appear to be both
expressed in the tracheal placodes, possibly suggesting a con-
served role for tsl in these tissues.
Expression of Ap-torso (Ap-tor), Ap-prothoraciotrophic hormone
(Ap-PTTH), Ap-Noggin-like1(Ap-NL1), and Ap-Noggin-like2 (Ap-NL2)
during aphid oogenesis and embryogenesis
The polarized expression of Ap-tsl in the posterior follicle cells
adjacent to the developing sexual (oviparous) oocyte raises the
possibility that a version of the terminal patterning system may
be functional during oviparous oogenesis. To investigate this
possibility we examined the expression of Ap-tor (Fig. 1B) and
in the absence of an ortholog of trk in the pea aphid we also
examined the expression of related cys-knot ligands, Ap-PTTH,
Ap-NL1 and Ap-NL2 (Fig. 1A) by in situ hybridization.
Bioinformatic analysis identiﬁed a possible aphid ortholog of
tor (Fig. 1B) (Shigenobu et al., 2010). In Drosophila and Tribolium
tor RNA is ubiquitously distributed during early embryogenesis
(Schoppmeier and Schroder, 2005; Sprenger et al., 1989). How-
ever, in situ hybridization reveals that Ap-tor RNA is not detected
in viviparous (asexual) oocytes (Fig. 4A(i)) and is not expressed
early in development (Fig. 4A(i) and (ii)). Ap-tor RNA is not
detected in embryos immediately post-katatrepsis (stage 16,
Fig. 4A(iii)), however as the germ band begins to retract at stage
17, Ap-tor RNA is detected in paired lateral expression domains
within the prothoracic segment that persists until the embryo is
mature (Fig. 4A(iv)–(vi)).
Ap-tor RNA is also not detected in oviparous (sexual) ovaries
by in situ hybridization (Fig. 4B(vii)–(ix)). RT-PCR (Supplementary
Figs. 3 and 4) indicates that Ap-tor transcripts are present in pre-
vitellogenic oviparous oocytes, but it is barely detectable after
the onset of vitellogenesis, and is undetectable in mature but
Fig. 3. Torso-like is expressed during different developmental stages in Drosophila, the honeybee and the pea aphid: (A) Dm-tsl RNA is detected at stage 9 in the visual
anlagen, (B) by Stage 11 Dm-tsl RNA is detected in cells of the ventral midline, (C) ventral view showing Dm-tsl expression in cells of the ventral midline, (D) Am-tsl is
detected late in embryogenesis in cells ﬂanking the ventral midline, (E) Am-tsl RNA is detected in a patch of cells from the 3rd thoracic segment to the most posterior
abdominal segment. Paired expression domains are also seen in the cerebrum anterior to the mandibular segment. (E0) Higher magniﬁcation image showing expression of
Am-tsl RNA in two cells anterior to the mandibular segment (arrowheads). (F) In viviparous embryos Ap-tsl RNA is ﬁrst detected in the embryo at stage 16 in two bilateral
paired domains (arrowhead). (G) These domains extend towards the lateral surface of the embryo during late stage 16. (H) At stage 17 a third expression domain is
detected at the posterior of the two initial expression domains. (I) These domains continue to extend laterally during stage 18. (J) By stage 20 Ap-tsl RNA is detected in a
complex expression pattern emanating from the initial three expression domains. These swirls of Ap-tsl RNA are associated with cells (arrow head in K) and are at different
focal planes within the embryo (L). (M) Ap-tslr RNA is detected in stage 11 embryos. A diffuse expression domain is seen near to the bacteriocyte and a stripe of cells next to
the presumptive cephalic lobe also expresses Ap-tslr RNA. (N) At stage 12 Ap-tslr RNA is associated with cells adjacent to the bacteriocyte (arrowhead indicates the
approximate location of the germ cells). (O) This association continues through stage 14. (P) At late stage 14 Ap-tslr RNA is detected in cells adjacent to the bacteriocyte and
in two tracts of cells running along the ventral surface of the embryo. (Q) At stage 19 as the germ cells reach their ﬁnal position Ap-tslr RNA is detected in the germs cells.
Ap-tslr RNA is also detected in a segmental pattern in patches of cells towards the lateral surface of the embryo. (R) In a mature embryo Ap-tslr RNA is associated with the
mature nurse cell clusters and developing oocytes. Scale bars¼100 mm. All views are ventral unless otherwise speciﬁed. Abbreviations:, Ant¼antennal segment,
bc¼bacteriocyte, cl¼cephalic lobe, gc¼germ cells, Mn¼mandibular segment, Mx¼maxillary segment, nc¼nurse cells, vm¼ventral midline.
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Fig. 4. Expression of Ap-torso and Ap-Noggin-like during aphid oogenesis and embryogenesis: (A) in situ hybridization for Ap-tor. (i) Ap-tor RNA is not detected in germaria
or early viviparous (asexual) oocytes, nor in early embryogenesis. (ii) Ap-torso RNA is not detected in stage 3 oocytes. (iii) Ap-tor RNA is not detected at stage 16 of
embryogenesis. (iv) At late stage 17 Ap-tor RNA is detected in paired lateral domains in the ﬁrst thoracic segment. (v) Ap-tor RNA continues to be detected in these domains
as the embryo matures. (vi) Ap-tor RNA exhibits a spatially complex expression domain. (B) In situ hybridization for Ap-PTTH. (i) Ap-PTTH RNA is not detected during
oogenesis in viviparous (asexual) oocytes. (ii) Ap-PTTH RNA is not detected during blastoderm stages of embryogenesis. (iii) Ap-PTTH RNA is not detected as the
endosymbiotic bacteria are incorporated into the embryo. (iv) As the germband elongates Ap-PTTH RNA is detected in cells associated with the bacteriocyte. (v) Cells
associated with the bacteriocyte continue to express Ap-PTTH RNA as the germband pushes the bacteriocyte to the anterior. (vi) In mature embryos Ap-PTTH RNA can be
detected in paired domains anterior to the ﬁrst thoracic segment. (C) In situ hybridization for Ap-NL1: (i) Ap-NL1 RNA is not maternally provided to the viviparous (asexual)
oocyte and is not detected early in embryogenesis (ii). (iii) At stage 13 Ap-NL1 RNA is enriched in cells of the ventral midline. (iv) Ap-NL1 RNA is detected in the ventral
midline at stage 14 of development. (v) Ap-NL1 RNA persists in the ventral mid-line until late in development and in mature embryos Ap-NL1 RNA is detected in two
circular patches of cells in the cephalic lobes of the brain. (vi) Higher magniﬁcation image showing expression of Ap-NL1 in the brain of a mature embryo (arrowheads).
(vii) Ap-NL1 RNA is detected in the nurse cell clusters of oviparous (sexual) oocytes, but is not deposited into the oocyte. (viii) At the onset of vitellogenesis Ap-NL1 RNA is
barely detectable in the nurse cell cluster but is expressed in the follicle cells. (ix) As the oocyte matures Ap-NL1 RNA is enriched in the anterior follicle cells. (D) In situ
hybridization for Ap-NL2: (i) Ap-NL2 RNA is not maternally provided to the viviparous (asexual) oocyte. (ii) At blastoderm stages Ap-NL2 RNA is detected in the germ cells
as they are being speciﬁed. (iii) At stage 12 Ap-NL2 RNA is detected throughout the presumptive cephalic lobes. (iv) Ap-NL2 RNA continues to be detected in the cephalic
lobes until stage 13. (v) Ap-NL2 RNA is not detected beyond stage 15 of embryogenesis, nor in mature embryos (vi). (vii) Ap-NL2 RNA is detected in the nurse cell clusters of
oviparous (sexual) oocytes, but is not deposited into the oocyte. Expression of Ap-NL2 RNA in the nurse cell cluster persists throughout oogenesis (vii)–(ix), but the RNA is
not detected in the oocyte nor in the overlying follicle cells. Scale bars¼100 mm. All images are lateral views unless otherwise speciﬁed. Abbreviations: afc¼anterior
follicle cell, bc¼bacteriocyte, cs¼central syncytium, cl¼cephalic lobes, fc¼ follicle cells, gc¼germ cells, nc¼nurse cell, oc¼oocyte, vm¼ventral midline.
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germarium, but not with maternal deposition into the oocyte.
These data indicate that maternal Ap-tor RNA is not present in
either viviparous (asexual) or oviparous (sexual) oocytes and
therefore cannot be functioning in canonical terminal-patterning
in the pea aphid.
PTTH and trk share some sequence similarity (Fig. 1A) (Grillo
et al., 2012; Rewitz et al., 2009) and tor has been demonstrated to
be the receptor for PTTH in B. mori (Rewitz et al., 2009). PTTH
over-expression has also been demonstrated to partially rescue
the terminal phenotype of Drosophila trk1 mutants (Rewitz et al.,
2009) demonstrating that PTTH can function as the ligand for tor,
initiate MAPK signaling and affect the expression of downstream
targets including tll. This raises the possibility that, in the absence
of trunk, Ap-PTTH may function as a ligand for terminal pattern-
ing in the pea aphid. However, Ap-PTTH (ACYPI37989) is virtually
undetectable by RT-PCR (Supplementary Fig. 4), and is present at
low levels in viviparous ovarioles (containing asexually producedembryos of different developmental stages) and very low levels in
pre-vitellogenic oviparous (sexual) ovarioles. Using in situ hybri-
dization we do not detect Ap-PTTH RNA in the nurse cell clusters
or oocytes of viviparous (asexual) oocytes (Fig. 4B(i)), nor in
blastoderm stage embryos (Fig. 4B(ii). No RNA for Ap-PTTH can be
detected as the endosymbiotic bacteria are incorporated into the
bacteriocyte (Fig. 4B(iii), but as the bacteriocyte is shifted towards
the posterior of the embryo as a result of germ band elongation,
In situ hybridization reveals weak expression of PTTH by cells
surrounding the bacteriocyte (Fig. 4B(iv)). This expression domain
is relatively transient (Fig. 4B(v)). In mature embryos very weak
staining for Ap-PTTH can be detected in mature embryos towards
the dorsal surface of the embryo adjacent to the ﬁrst thoracic
segment (Fig. 4B(vi)). No expression of Ap-PTTH RNA was detected
in the brain. However, this may be due to poor probe penetration,
or transient expression of PTTH. In oviparous (sexual) ovaries
Ap-PTTH RNA is very weakly detected in the nurse cell cluster
prior to vitellogenesis (Fig. 4B(vii)). Following vitellogenesis some
Fig. 5. Activation of MAPK signaling in viviparous and oviparous oocytes: (A) immunohistochemistry for dp-ERK reveals ubiquitous staining in the viviparous (asexual)
oocyte. (B) Ubiquitous staining for dp-ERK is seen as the oocyte is speciﬁed and as it segregates from the germarium. (C) As the oocyte undergoes a maturation division to
initiate embryogenesis dp-ERK staining becomes less intense and diffuse throughout the oocyte. (D) By stage 12 high levels of dp-ERK activation are observed in the
bacteriocyte. (E) In mature embryos dp-ERK activation is restricted to the oocytes as they are speciﬁed in the fully developed ovary. (F) Higher magniﬁcation image
showing the prospective oocytes in a mature embryo. (G) In previtellogenic oviparous (sexual) ovaries dp-ERK is ubiquitously activated throughout the early oocyte. (H) At
the onset of vitellogenesis dp-ERK begins to clear from the anterior of the oocyte, possibly due to the deposition of yolk. (I) Staining for dp-ERK is cleared rapidly from the
oocyte in an anterior to posterior sequence. (J) In early-vitellogenesis dp-ERK staining is restricted to the posterior pole of the oocyte (arrowhead). At this stage the
posterior follicle cells begin to change their morphology (double arrowhead). (K) No staining for dp-ERK is observed in the oocyte during mid-vitellogenesis. (L) No dp-ERK
staining is observed in mature oocytes. Scale bars¼100 mm. All images are lateral views. Abbreviations: bc¼bacteriocyte, fc¼ follicle cell, nc¼nurse cell, oc¼oocyte,
po¼prospective oocyte.
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is no longer detected in the nurse cells (Fig. 4B(vii)–(ix)).
The absence of Ap-PTTH RNA during viviparous (asexual)
or oviparous (sexual) oogenesis means that Ap-PTTH cannot
be functioning as a ligand for the terminal patterning pathway.
However, phylogenetic analyses (Fig. 1A, Supplementary Fig. 2)
also revealed similarity between trk and a second class of
proteins, the NL proteins. Two NL proteins were found in the
pea aphid: Ap-Noggin-like1 (Ap-NL1, ACYPI007216) and Ap-
Noggin-like2 (Ap-NL2, ACYPI53658). To determine whether these
genes may have a role in terminal patterning the expression of
these genes was examined by in situ hybridization (Fig. 4C and D).
Ap-NL1 RNA is not detected in the viviparous oocyte, or in the
blastoderm stage embryos (Fig. 4C). Later in embryogenesis, as
the central nervous system develops, Ap-NL1 RNA is detected in
cells of the ventral midline in a similar pattern to Ap-orthodenticle
(Fig. 4C(iii)) (Duncan and Dearden, 2010; Huang et al., 2010).
Ap-NL1 RNA continues to be detected in this domain until late in
development (stage 18, Fig. 4C(iv)), when two semicircular
patches of cells expressing Ap-NL1 RNA are detected in the brain
(Fig. 4C(v)–(vi)).Ap-NL1 RNA is detected in the nurse cells of oviparous oocytes,
but Ap-NL1 RNA is not detected in the previtellogenic oocyte,
suggesting that the RNA is not maternally provided to the oocyte
(Fig. 4C(vii)). After the onset of vitellogenesis Ap-NL1RNA is
detected in follicle cells and appears to diminish in the nurse
cells (Fig. 4C(viii)). As the oocyte matures the follicle cells at the
anterior of the oocyte adjacent to the trophic cord are enriched for
Ap-NL1 RNA (Fig. 4C(ix)).
Ap-NL2 RNA is not detected in the viviparous oocyte (Fig. 4D(i)).
At blastoderm stage, Ap-NL2 RNA is transiently detected in the pre-
sumptive germ cells (as determined by comparison with Ap-nanos1
expression (Duncan et al., 2013; Chang et al., 2009)) (Fig. 4D(ii)).
Ap-NL2 RNA is then transiently detected in the developing brain
during embryonic stages 12 and 13 (Fig. 4D(iii) and (iv)). No expres-
sion is detected after this stage of embryogenesis (Fig. 4D(v)–(vi)).
In oviparous ovaries Ap-NL2 RNA is detected strongly in the
nurse cells of previtellogenic oocytes (Fig. 4D(vii)), however, there is
no evidence that this RNA is deposited into the developing oocyte.
As vitellogenesis is initiated Ap-NL2 is only weakly detected in the
nurse cells (Fig. 4D(viii)), and is no longer detectable as the oocyte
reaches maturity (Fig. 4D(ix)).
Fig. 6. Ap-tailless and Ap-wingless are not expressed early in embryogenesis in oviparous or viviparous oocytes: (A) Ap-tll RNA is not detected during oogenesis or in
blastoderm stage viviparous (asexual) embryos (B). (C) As the endosymbiotic bacteria are incorporated and the germband begins to invaginate Ap-tll RNA is detected in an
anterior stripe. (D) Ap-tll RNA is observed in a cap of expression at the anterior pole. (E) The cap of Ap-tll RNA widens to a stripe as anatrepsis is completed. (F) At stage 13
Ap-tll RNA is detected in the presumptive cephalic lobe at the anterior of the germ band. (G) Ap-tll RNA continues to be detected in the cephalic lobes as the germ band
continues to elongate and limb buds are speciﬁed. (H) Ap-tll RNA is expressed in the cephalic lobes in the extended germ band embryo. (I) In mature embryos (stage 18)
Ap-tll RNA is detected in semicircular bilateral patches of cells in the brain of the mature embryo. (J) Ap-tll RNA is detected at the anterior of the invaginating germband in
oviparous (sexual) embryos. (K) Ap-tll RNA is detected in the developing brain of extended germ band stage oviparous germ bands that have been dissected from the
developing egg. Corresponding DAPI image is shown in K0 . (L) Ap-wg RNA is not maternally provided in stage 0 viviparous (asexual) oocytes and is not detected in early
blastoderm embryos. (M) Ap-wg RNA is not detected in stage 1 oocytes, or segregated (stage 2) oocytes (N). (O) At late blastoderm stage Ap-wg RNA is detected in a
posterior cap of expression, in cells that will form the posterior growth zone. (P) Ap-wg RNA is detected in the leading edge of the invaginating germ band. (Q) At stage
12 Ap-wg RNA is detected in pattern consistent with a segment polarity gene. (R) Ap-wg RNA is not detected in oviparous (sexual) embryos as the germ band elongates. (S)
Ap-wg RNA is detected in dissected oviparous germ bands in a segment polarity gene expression pattern. Scale bars¼100 mm. Abbreviations: bc¼bacteriocyte, cl¼cephalic
lobe, gc¼germ cells, Lb¼ labrum, Mn¼mandibular segment, Mx¼maxillary segment, nc¼nurse cell, oc¼oocyte,
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by the posterior follicle cells adjacent to the maturing oocyte, we
are unable to detect RNA for the receptor (tor) or putative ligands
(PTTH, NL1 and NL2). This implies that the canonical terminal-
patterning pathway is not active in the pea aphid.Activation of MAPK signaling during aphid oogenesis and
embryogenesis
Activation of the terminal patterning pathway in Drosophila results
in an intracellular Ras-Raf-MAP-K/Erk phosphorylation cascade that
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with a cross reacting antibody against diphosphorylated ERK (dp-
ERK) (Gabay et al., 1997; Lynch et al., 2010; Rousso et al., 2010;
Wilson and Dearden, 2009). To determine whether dp-ERK is
phosphorylated asymmetrically during pea aphid embryogenesis
and oogenesis we performed immunohistochemistry with a cross
reacting antibody against dp-ERK.
In viviparous (asexual) aphid ovaries, strong staining for dp-
ERK is detected in the developing oocyte at stage 0 (Fig. 5A),
before the separation of the oocyte from the germarium (Fig. 5B).
Activation of ERK is not spatially restricted within the stage
0 oocyte and therefore does not appear to confer positional
information to the developing oocyte. There is no indication of
localized dp-ERK activation as the oocyte separates from the
germarium or as the maturation division takes place and embry-
ogenesis begins (Fig. 5C), no staining is seen in blastoderm stage
embryos (Fig. 5B). No speciﬁc staining is seen in the embryos until
stage 12, where there is strong staining for dp-ERK is seen in cells
associated with the bacteriocyte (Fig. 5D). In mature embryos
(stage 20) staining for dp-ERK can be observed in the developing
oocytes of the mature ovary (Fig. 5E and F).
Similarly, dp-ERK can be detected in the developing oocyte in
oviparous (sexual) ovaries (Fig. 5G). Staining is observed initially
ubiquitously through the oocyte beginning after differentiation of
the oocyte from the nurse cell population is complete (Fig. 4H).
Staining is relatively strong and ubiquitous throughout the oocyte
prior to vitellogenesis, but as yolk is detected in the oocyte the
staining is diminished, and appears largely restricted to the
posterior pole (Fig. 5H and I). Restriction of dp-ERK staining to
the posterior pole occurs before any morphological changes are
observed in the posterior follicle cells (Fig. 5H and I). As vitello-
genesis nears completion dp-ERK staining is reduced and is
virtually undetectable as the posterior follicle cells undergo
morphological changes (Fig. 5J). As the oocyte reaches maturity
dp-ERK staining is undetectable (Fig.5K and L). Immunohisto-
chemistry of freshly laid eggs showed no activated dp-ERK
staining early in embryogenesis (data not shown).
Expression of the targets of canonical terminal patterning in the pea
aphid: tailless (tll) and wingless (wg)
In Drosophila the canonical terminal patterning pathway is
known to regulate the expression of down-stream target genes;
tailless (tll) and huckebein (hkb) (Furriols and Casanova, 2003). To
determine whether these targets are likely to be also under
control of the terminal-patterning pathway in the pea aphid we
investigated the expression of Ap-tll during sexual and asexual
development (Fig. 6) (hkb is missing from the pea aphid genome
(Shigenobu et al., 2010)). In asexual aphids, Ap-tll is expressed
later in development than previously reported for other insects
including honeybees (Wilson and Dearden, 2009) and Tribolium
(Schroder et al., 2000). There is no evidence for maternal expres-
sion of Ap-tll (Fig. 6A), and zygotic expression is ﬁrst detected in
viviparous embryos during early gastrulation (Fig. 6B and C).
Ap-tll is initially detected in an anterior cap at stage 7 as the
endosymbiotic bacteria are incorporated into the bacteriocyte
(Fig. 6C and D). RNA in the anterior of the egg chamber persists
until approximately stage 9, during which the anterior stripe
expands to approximately 5 cells wide (Fig. 6E). During late stage
11 a domain of cells expressing Ap-tll is established in the
posterior of the egg chamber (Fig. 6F). This posterior expression
domain marks the presumptive cephalic region (as determined
by comparison with Ap-otd expression (Duncan et al., 2013;
Huang et al., 2010)), and expression in this region is stable
throughout embryogenesis (Fig. 6G and H). By stage 18, expres-
sion of Ap-tll is reﬁned to cells likely to be the neuroblasts of theprocephalic lobes (Fig. 6I). In situ hybridization of oviparous
(sexual) ovaries and early embryos revealed no evidence for
maternal or early embryonic expression of Ap-tll. However, as
the germ band invaginates and elongates, at approximately 120 h
after egg laying, Ap-tll RNA is detected in a stripe of cells at the
anterior end of the invaginating germ band (Fig. 6J). Late in oviparous
embryogenesis, after the germ band has fully extended, RNA for Ap-tll
is detected in the procephalic lobes (Fig. 6K).
In Tribolium, the terminal-patterning pathway is required to
set up or maintain the posterior grown zone of the insect, which
requires the induction of wingless expression (Schoppmeier and
Schroder, 2005). In situ hybridization in aphids reveals that in
viviparous (asexual) embryos, Ap-wg RNA is not detected during
oogenesis (Fig. 6 L–N) or early embryogenesis (Fig. 6L). Ap-wg
RNA is initially detected in a posterior cap during cellular
blastoderm (Fig. 6O). The expression in this posterior region
persists as the endosymbiotic bacteria are incorporated into the
embryo and the germ band begins to invaginate (Fig. 6P). This
expression precedes the expected segment polarity expression of
wg, which begins to appear at stage 11 (Fig. 6Q) consistent with
the appearance of engrailed stripes (Miura et al., 2003). No RNA
for Ap-wg is detected in oviparous ovaries, or in blastoderm stage
oviparous embryos, or during germ band elongation (Fig. 6R).
In late stage oviparous embryos, the segment polarity expression
of Ap-wg RNA is detected (Fig. 6S).
The expression patterns of Ap-wg and Ap-tll are not consistent
with regulation via a modiﬁed terminal-patterning system, and
their expression does not coincide, either spatially or temporally,
with Ap-tsl, Ap-tslr or dp-ERK staining.
Torso-like from Drosophila, the honeybee and the pea aphid have
similar biochemical functions
Our data indicates that tsl has a role unrelated to the canonical
terminal patterning system in insects such as the honeybee and
the pea aphid. In order to determine whether the recruitment of
torso-like into terminal patterning in Drosophila has resulted in a
signiﬁcant change in protein function, we exogenously expressed
the Drosophila, Apis and Acyrthosiphon orthologs of tsl (and tslr) in
Drosophila using the UAS:GAL4 system to drive expression in the
ovary. Gain of function mutations (Klingler et al., 1988) or over-
expression of terminal patterning genes (Savant-Bhonsale and
Montell, 1993) are known to disrupt abdominal segmentation;
causing embryos to be shorter and have fewer abdominal seg-
ments even though the embryonic termini are essentially normal.
The effects of exogenous tsl expression on Drosophila embryogen-
esis were determined by comparing markers of terminal pattern-
ing (dp-ERK and tll expression), dorso-ventral patterning (zen
expression), and segmentation (eve expression and cuticle pre-
parations), between wild type embryos (Fig. 7A–E) and embryos
produced from ﬂies mis-expressing torso-like constructs from
Drosophila (Fig. 7F–M), the honeybee (Fig. 7N–U), and the two
torso-like genes from the pea aphid; Ap-tsl (Fig. 8A–H) and Ap-tslr
(Fig. 8I–Q).
Over-expression of Dm-tsl causes expansion of the dp-ERK
staining domain early in development as compared with wild
type Drosophila embryos (Fig. 7F), resulting in an expansion of the
tll expression domain at the posterior of the embryo, and the
appearance of a second anterior stripe of Dm-tll (Fig. 7G) or a
broadening of the anterior stripe (Fig. 7H). No differences are seen
in Dm-zen expression (Fig. 7I). The expansion of the dp-ERK and
tailless expression domains translates to fusion of eve stripes in
the blastoderm embryo (Fig. 7J and K) and a concomitant deletion
of abdominal segments in the larvae (Fig. 7L and M). The severity
of segment fusion varies; with the majority of embryos displaying
fusion of eve stripes 1 and 2, and 5 and 6 (Fig. 7J), whilst more
E.J. Duncan et al. / Developmental Biology 377 (2013) 245–261256severely affected embryos have a single stripe of even-skipped
expression or two poorly resolved stripes (Fig. 7K). This disrup-
tion of segmentation is reﬂected in the larval cuticle preparations
whereby mildly affected larvae show fusion of denticle belts
corresponding with the third abdominal segment to the fourth
abdominal segment (Fig. 7L). Severely affected embryos have no
denticle belts but often display a duplication of posterior terminal
structures (Fig. 7M).Fig. 7. Ectopic over-expression of Dm-tsl and Am-tsl in Drosophila ovaries. Embryos are
expression of torso-like constructs in the Drosophila ovary: (A) immunohistochemistry fo
the anterior and posterior poles (arrowheads). (B) In wild type Drosophila embryos
(arrowheads). (C) Dm-zen is expressed in a dorsal domain, extending down towards
observed in 7 distinct stripes in blastoderm stage Drosophila embryos. (E) Cuticle of wi
ERK staining domains (arrowheads). (G) tll RNA is found in a broad posterior cap and tw
(H). (I) Dm-zen RNA is detected in anterior dorsal domains. (J) Dm-eve immunohistoche
embryos Dm-eve protein is observed in a single stripe of cells in the center of the embry
6th abdominal segments. (M) In severe cases, no denticle belts can be detected and the
results in expansion of dp-ERK activation at the anterior and posterior poles of the emb
cases Dm-tll RNA is present in a much wider anterior stripe. (Q) No alteration in the expr
of eve stripes 1 and 2, and 5 and 6 (arrowheads). (S) In severely affected embryos
preparations reveal fusion of abdominal denticle belts in mild cases. (U) In severely afOver-expression of either honeybee (Fig. 7N–U) or aphid torso-
like (Fig. 8A–H) resulted in phenotypes similar to that seen for the
over-expression of Dm-tsl. These phenotypes included expansion
of both dp-ERK activation (Figs. 7N and 8A) and tll expression
domains (Figs. 7O, P and 8B). The expansion of these expression
domains is reﬂected in fusion of eve stripes 1 and 2, and 5 and 6
(Figs. 7R and 8D), or the appearance of one or two poorly resolved
eve stripes (Figs. 7T and 8E). Similar larval phenotypes areoriented to the left and dorsal side is up. The UAS:GAL 4 system was used to drive
r dp-ERK in wild type Drosophila embryos indicates activation of MAPK signaling at
Dm-tll is expressed in an anterior stripe and posterior cap at blastoderm stages
the posterior pole in wild type Drosophila embryos. (D) Even-skipped protein is
ld-type Drosophila larvae. (F) Overexpression of Dm-tsl results in expansion of dp-
o anterior stripes, which in some specimens equates to a very broad anterior stripe
mistry demonstrates fusion of stripes 1 and 2, and 5 and 6. (K) In severely affected
o. (L) Cuticle preparations reveal fusion of denticle belts corresponding to the 4th–
re is an apparent duplication of posterior structures. (N) Overexpression of Am-tsl
ryo (arrowheads). (O) Dm-tll RNA is detected in a broad posterior cap. (P) in severe
ession of Dm-zen is observed. (R) Immunohistochemistry for Dm-eve reveals fusion
only two poorly resolved stripes of eve are observed (arrowheads). (T) Cuticle
fected cuticles only a few denticle belts are detected. Scale bars¼100 mm.
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seen with Dm-tsl. The larvae are generally shorter, are missing
abdominal segments, and fusion is seen of denticle belts A3 and
A4 in mildly affected larvae (Figs. 7T and 8F). In moderately
affected larvae we see more substantial fusion of the abdominal
segments (Figs. 7U and 8G). Ap-tsl overexpression also causes
head involution defects (Fig. 8H); these defects are fairly common
and are observed independently of segmentation defects as
several larvae were observed with the segmentation defects seen
in Fig. 8G, but with no defects in head involution. These head
involution defects are often accompanied by a ventral hole in the
cuticle (Fig. 8H), and were not accompanied by changes in the
expression of Dm-zen (Fig. 8C).
Similar disturbances in embryo patterning were seen with
ectopic expression of Ap-tslr. The embryos exhibited expansion of
dp-ERK activation (Fig. 8I), tll expression domains (Fig. 8J and K),
and fusion of eve stripes (Fig. 8M and N). However, differences
were seen when examining the cuticle preparations. A substantial
portion of embryos failed to hatch and three classes of phenotypeFig. 8. Ectopic expression of Ap-tsl and Ap-tslr in Drosophila ovaries. Embryos are orie
expression of torso-like constructs in the Drosophila ovary: (A) over-expression of Ap-tsl
of the embryo (arrowheads). (B) Expansion of the tll expression domains is also observed
defects in Dm-zen expression are observed. (D) Immunohistochemistry for Dm-eve revea
only a single stripe of Dm-eve is observed towards the anterior of the embryo. (F) Mildly
severely affected individuals the head fails to involute (asterisk in H), and is accompanie
image illustrating a substantial hole in the ventral cuticle. (I) Over-expression of Ap-tslr
tll RNA expression is also observed with a broad posterior cap, and an anterior stripe
detected in an anterior cap. (L) No defects are observed with zen RNA expression. (M) Im
(arrowheads). (N) In severely affected embryos eve protein is detected in two poorly
abdominal regions. (P) Moderately affected cuticles are shorter, show fusion of denticl
patterning of the posterior termini. (Q) In severely affected cuticles there are one or
patterning (asterisk). Scale bars¼100 mm.were observed. The mildest phenotype resembles the over-
expression of Dm-tsl; there is fusion of abdominal segments A4
and A5, but generally the head and tail structures are normal
(Fig. 8O). Embryos with the intermediate phenotype exhibit
defects in germband retraction and dorsal closure. They also
exhibit substantial defects in head patterning and head involution
(Fig. 8P), indicating that ectopic expression of Ap-tslr interferes
with functions of the late amnioserosa. The most severely affected
individuals exhibit improperly formed head structures and in
most cases it is difﬁcult to distinguish anterior from posterior.
Germ band extension and segmentation are severely affected and
individuals usually only have one, or sometimes two incomple-
tely formed denticle belts (Fig. 8Q). This is unlikely to be related
to levels of transgene mRNA as the phenotype is identical in two
independently generated transgenic lines. This weak ventralizing
phenotype is not due to activation of the unfolded protein
response (UPR), which has been known to cause a ventralizing
phenotype in Drosophila embryos, as judged by alternative spli-
cing of xbp1 (Supplementary Fig. 5). A similar, but much mildernted to the left and dorsal side is up. The UAS:GAL 4 system was used to drive
causes expansion of dp-ERK activation domains at the anterior and posterior poles
, leading to the expression of tll in an anterior cap and a broad posterior cap. (C) no
ls fusion of stripes 1 and 2, and 4–6 (arrowheads). (E) In severely affected embryos
affected cuticles display a fusion of denticle belts in the abdominal regions. (G) In
d by a substantial hole in the ventral cuticle (arrowhead) (H) higher magniﬁcation
causes an expansion of dp-ERK staining domains (arrowheads). (J) An expansion of
that is shifted towards the anterior. (K) In severely affected embryos tll RNA is
munohistochemistry for eve reveals fusion of stripes 1 and 2, 4 and 5, and 6 and 7
resolved stripes. (O) Mildly affected cuticles show fusion of denticle belts in the
e belts but also exhibit a head involution defect (arrows), there are also defects in
two incompletely formed denticle belts (arrows) and substantial defects in head
E.J. Duncan et al. / Developmental Biology 377 (2013) 245–261258phenotype is seen in Drosophila following the over-expression of
zen (Raﬁqi et al., 2010). To determine whether Ap-tslr is affecting
dorsal closure by expansion of the amnioserosa we examined
Ap-tslr over-expressing embryos for zen expression (Fig. 8L). No
differences in zen expression were observed between the wild-
type and Ap-tslr over-expression lines, indicating that Ap-tslr is
not inducing this severe phenotype by perturbing dorsal-ventral
patterning or amnioserosa speciﬁcation. This suggests that Ap-tslr
has an activity in Drosophila that is independent of its ability to
activate torso signaling, and this activity is not present in any
other torso-like ortholog tested.Discussion
Canonical terminal patterning is not active in the honeybee or the
pea aphid
The terminal patterning system known from Drosophila and
Tribolium is complex; maternal provision of the RNAs encoding
the receptor (torso) and ligand (trunk) are provided to the oocyte
during oogenesis, the signal is spatially restricted to the poles of
the embryo by the torso-like protein (Casanova et al., 1995; Grillo
et al., 2012; Martin et al., 1994; Savant-Bhonsale and Montell,
1993; Schoppmeier and Schroder, 2005; Schroder et al., 2000;
Sprenger et al., 1989). Activation of tor signaling causes localized
activation of the Ras-Raf-MAP-K/Erk signaling pathway, resulting
in the expression of target genes, such as tailless and huckebein in
Drosophila and Tribolium, and wingless and caudal in Tribolium.
Components of this pathway also function in other developmen-
tal contexts; torso has been shown to be the receptor for a closely
related ligand, PTTH, in Bombyx (Rewitz et al., 2009) and Droso-
phila, a process that is thought to require torso-like (Grillo et al.,
2012).
Here we show that in a basal holometabolous insect (the
honeybee) and the hemimetabolous insect (the pea aphid), the
canonical terminal patterning system observed in Drosophila and
Tribolium does not appear to be functioning. While the honeybee
has an ortholog of torso-like, genes encoding trunk, PTTH and torso
could not be found in the honeybee genome. This implies that
torso-like has a role outside of that regulating the interaction
between torso and its ligands in the honeybee.
In the pea aphid genome, orthologs of torso, torso-like and PTTH
could be found. However, in viviparous (asexual) embryogenesis
torso is not maternally provided and torso expression is restricted
to paired expression domains located in the ﬁrst thoracic segment
of mature embryos. These domains may be in the presumptive
prothoracic glands, consistent with an evolutionarily conserved
role for PTTH/torso signaling in this gland (Grillo et al., 2012).
Consistent with this hypothesis we observe diffuse and weak
expression of PTTH late in embryogenesis adjacent to the ﬁrst
thoracic segment.
In oviparous (sexual) ovaries, Ap-tor RNA is weakly detected by
RT-PCR, but RNA is only transiently present, being virtually
undetectable post-vitellogenesis and undetectable by oocyte
maturity. This expression is consistent with either transient
maternal expression of Ap-tor or expression in follicle cells
surrounding the oocyte, but was undetectable by in situ hybridi-
zation. This pattern of RNA accumulation differs from Drosophila
and Tribolium where torso RNA accumulates at high levels
throughout the developing oocyte and is ubiquitous in early
embryogenesis when the canonical terminal patterning pathway
is active (Schoppmeier and Schroder, 2005; Sprenger et al., 1989).
PTTH can partially rescue trunk mutants in Drosophila (Rewitz
et al., 2009), raising the possibility that PTTH or the other Noggin-
like ligands identiﬁed in this study may functionally substitute fortrunk in terminal patterning. Using in situ hybridization and RT-
PCR we demonstrate these three ligands are all expressed in the
oviparous (sexual) ovary during oogenesis (but not the viviparous
ovary), and have distinct expression patterns. None of these
ligands are maternally provided to the developing oocyte. In the
absence of a ligand, and the temporally restricted expression of
the receptor torso, it is unlikely that the canonical terminal
patterning system is affecting embryo patterning.
Consistent with this idea, although dp-ERK activation is seen
throughout the viviparous and oviparous oocytes, it clears from
the oviparous (sexual) oocyte in an anterior to posterior sequence
at the onset of vitellogenesis possibly as a result of yolk deposi-
tion from the anterior. Early activation of dp-ERK throughout the
viviparous (asexual) oocyte is independent of Ap-tor, as no RNA
for Ap-tor is detected (Supplementary Fig. 4), implicating the
involvement of another tyrosine kinase pathway, such as EGF or
FGF signaling, in establishing this initial activation of dp-ERK.
In oviparous oocytes, dp-ERK is cleared from the oocyte from
the anterior to the posterior. This clearance is initiated before we
can detect Ap-tsl expression in the posterior follicle cells. But does
coincide with the deposition of yolk into the oocyte. A mechanism
based on clearance of dp-ERK is inconsistent with the canonical
terminal patterning mechanism we see in Drosophila and Tribolium,
where terminal patterning activates dp-ERK (Ghiglione et al.,
1999). We also show, based on the morphology of the adjacent
follicle cells, dp-ERK is already restricted to the posterior pole of
the oocyte prior to Ap-tsl RNA being detected in the posterior
follicle cells. Ap-tsl RNA continues to be expressed by these
posterior follicle cells until the oocyte is mature, and long after
dp-ERK staining is no longer visible in the oocyte. Thus implying
that the restriction of dp-ERK to the posterior follicle cells is
independent of Ap-tsl expression. Together, these data imply that
tsl has a function, independent of dp-ERK activation, in the
oviparous ovary. Consistent with this idea Ap-tsl is also expressed
in viviparous ovaries in posterior follicle cells adjacent to the
developing embryo after incorporation of the endosymbiotic
bacteria and again in the posterior follicle cells as the embryo
reaches maturity. We postulate that the timing of Ap-tsl expres-
sion may be related to maturation of the embryo/oocyte, and not
axial patterning. However, functional studies such as maternal
RNAi, which are not currently possible in the pea aphid, would be
required to conﬁrm this.
Consistent with the view that canonical terminal patterning is
not active in either the pea aphid or the honeybee, genes that we
know are targets of this pathway in Tribolium and Drosophila,
including tailless, wingless, and huckebein are not expressed in
domains consistent with activation by localized dp-ERK, or by
localized torso-like RNA (Fig. 9). In the honeybee maternal tailless
RNA becomes localized (Wilson and Dearden, 2009) and huck-
ebein is not expressed early in development (Supplementary
Fig. 6). Am-huckebein RNA is only detected in neuroectoderm
relatively late in embryogenesis, similar to Tribolium (Kittelmann
et al., 2012), suggesting that huckebein has come under control
of the terminal-patterning pathway in the lineage leading to
Drosophila.
In the pea aphid neither tailless nor wingless RNA are detected in
blastoderm stage, or early germ band invagination stage, oviparous
(sexual) embryos. Yet, in viviparous (asexual) embryos, where there
is no early expression of tsl, these RNAs are detected in patterns
consistent with those seen in other insects (Schoppmeier and
Schroder, 2005; Schroder et al., 2000; Wilson and Dearden, 2009).
Despite the absence of canonical terminal patterning in
both the honeybee and pea aphid, torso-like orthologs are
expressed in the ovaries of bees and aphids, in patterns that
imply roles in active oogenesis. Whatever the biological role of
torso-like in these cells, its biochemical activity remains the same,
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similar phenotype. This molecular activity, suggested to be that of
a perforin (Kondos et al., 2010; Lukoyanova and Saibil, 2008;
Stevens et al., 2003), is conserved between these different species,
despite differences in expression patterns. We propose, therefore,
that the evolutionary changes in torso-like function are due to cis-
regulatory evolution causing differences in the temporal and
spatial expression of a functionally conserved protein and that
these cis-regulatory changes have allowed torso-like to become
co-opted into terminal patterning in the lineage leading to
Diptera and Coleoptera. That the function of this protein can
evolve is shown by Ap-tslr, which, in Drosophila assays, has a new
molecular function.
Evolution of the terminal patterning pathway
Torso-like is the most widely conserved component of the
canonical terminal-patterning pathway (Table 1). Orthologs are
found in all currently sequenced insect genomes, and it likely
arose in the pan-crustacean lineage 500 million years ago.
However, the origins and evolution of the ligand and receptor in
the Drosophila terminal patterning are less easy to resolve. The
ligand is derived from an ancient clade of Noggin-like proteins
that have, in arthropods, evolved into PTTH and trunk genes. It is
unclear when this occurred, as the genome of a chelicerate has a
trunk-like gene, whilst all other trunk-like proteins are found in
holometabolous insects. This ﬁnding implies either convergent
evolution of the chelicerate trunk, or, based on the accepted
phylogeny of insects (Savard et al., 2006) and arthropods (Regier
et al., 2010), ﬁve independent losses of trunk in the phylogeny
(Fig. 9). This second scenario is supported by the presence of a
small conserved domain in the NL and trunk proteins, which is
not present in the PTTH proteins (Supplementary Fig. 2). This
indicates that trk and PTTH evolved much earlier in the arthropod
lineage than has been previously proposed (Grillo et al., 2012).
Recent ﬁndings have, however, demonstrated that in Drosophila,
PTTH and trunk are functionally equivalent (Grillo et al., 2012;
Rewitz et al., 2009), implying that these proteins may represent a
clade of ‘‘trunk/PTTH’’ proteins rather than separate lineages. We
propose that, given the constraints on sequence change imposed by
this ligand having to bind and activate the torso receptor, conver-
gent evolution has acted to produce very similar variants of this
protein in different species. Co-evolution of the protein and receptorFig. 9. Model for the evolution of the canonical terminal patterning components: (A) ac
the divergence of insects and chelicerates which is estimated to have occurred 550
(Tetranychus urticae) from the Paristiforms (Ixodes scapularis) diverged 400 million
pathway, and associated molecules, were mapped onto the arthropod phylogeny based
(Kittelmann et al., 2012; Schoppmeier and Schroder, 2005; Schroder et al., 2000; Wi
pathway. This model implies that that the posterior cap of wingless RNA and anterior st
were historically established in the absence of canonical terminal patterning.is also suggested by data that shows that the Bombyx PTTH protein
cannot effectively activate the Drosophila torso receptor (Rewitz
et al., 2009).
We propose, that the trk/PTTH, tor, MAPK connection is an
ancient one, present in the common ancestor of arthropods but
with no role in terminal pattering in these species. Here we present
data that Ap-torso RNA is found in the prothoracic gland of aphids,
reﬂecting the expression seen in the holometabolous insects
Drosophila and Bombyx (Rewitz et al., 2009). This implies that the
role of torso signaling in the prothoracic gland may be a conserved
and ancient function of the trk/PTTH/tor signaling pathway in
insects. In insects the prothoracic gland responds to PTTH hormone
to produces ecdysteroids and regulate molting (reviewed in Gilbert
et al., 2002; Watson and Spaziani, 1985a, b). In Crustacea, ecdyster-
oids are produced by a specialized structure known as the Y-gland
situated near the antennae (Watson and Spaziani, 1985a, b), and in
chelicerates the Schneider’s gland-Tropfenkomplex, located in the
prosoma and abdomen, is the main site of ecdysone biosynthesis
(Craig, 2003; Matsumoto et al., 1992). We infer that the trunk-like
protein we have identiﬁed in Ixodes may have a role in regulating
ecdysone biosynthesis and molting.
Torso-like evolved in the pan-crustacean lineage, and our data
show that torso-like likely has roles in the ovary of the honeybee
and pea aphid that are unrelated to a role in modulating torso
activity. Torso-like has recently been shown to be expressed in
the prothoracic gland of Drosophila and mutations in torso-like
have been shown to cause developmental delays, consistent with
a role for torso-like in ecdysteroid production (Grillo et al., 2012).
Intriguingly, we observe expression of torso-like in structures of
the adult brain immediately anterior of the prothoracic segment,
raising the possibility that torso-like is similarly involved in
modulating ecdysone production by the prothoracic gland. We
have also shown that genes that are ancestrally related to trunk
(Ap-NL1, Ap-NL2 and Ap-PTTH) are all expressed during brain
development or in regions of the mature brain.
We propose that the terminal patterning pathway known in
Tribolium and Drosophila represents the capture of an ancient
signaling mechanism involved in neuroendocrine signaling into a
novel role providing terminal patterning information during early
embryogenesis. Recruitment of this pathway has facilitated the
co-option of target genes, like tailless, huckebein and wingless into
control by this pathway. This hypothesis is supported by the
expression of these target genes in other insects. In the honeybee,cepted phylogeny of insects modiﬁed from Dearden et al. (2010) and incorporating
million years ago (Regier et al., 2010). The lineages leading to Trombidiforms
years ago (Jeyaprakash and Hoy, 2009). Components of the terminal patterning
on the phylogenetic data in Fig. 1. (B) Cartoons demonstrating expression domains
lson and Dearden, 2009) of genes targeted by the canonical terminal patterning
ripe of tailless RNA were present in the ancestor of insects, but that these domains
Table 1
Presence/absence of components of the canonical patterning system in the genomes of other insects and non-insect arthropods.
Speciesb Trunk Torso Torso-like Embryonic expression of targets of the canonical terminal systema
Dp-ERK Tailless Huckebein Wingless
D. melanogaster | | | | | | |
A. gambiae | | | | ?
B. mori X | |
T. castaneum | | | | | X |
N. vitripennis X | | X X
A. mellifera X X | X X X
C. ﬂoridanus X | |
P. humanus X X |
A. pisum X | |(2) X X Absent X
R. prolixus X | |
D. pulex X X |
I. scapularis | | X
T. urticae X X X
a Refers to expression being under control of the canonical terminal-patterning system rather than presence or absence of these genes in the genome.
b References: D. melanogaster (Bronner and Jackle, 1991; Casali and Casanova, 2001; Casanova, 1990; Casanova et al., 1995; Jimenez et al., 2000; Savant-Bhonsale and
Montell, 1993; Sprenger et al., 1989). Anopheles gambiae (Goltsev et al., 2004), B. mori (Dearden et al., 2006). T. castaneum (Grillo et al., 2012; Schoppmeier and Schroder,
2005; Schroder et al., 2000). N. vitripennis (Lynch et al., 2012; Lynch et al., 2006). A. mellifera (Dearden et al., 2006; Wilson and Dearden, 2009), A. pisum (Shigenobu et al.,
2010). All other data points were derived from this study.
E.J. Duncan et al. / Developmental Biology 377 (2013) 245–261260tll RNA is maternally provided and RNA is localized during early
embryogenesis to the posterior of the developing embryo, the
anterior expression domain is regulated by otd1 (Wilson and
Dearden, 2009). In the hymenopteran N. vitripennis, which pos-
sesses orthologs of both PTTH and tor, both the anterior and
posterior expression domains of tll are dependent on otd1 (Lynch
et al., 2006). The molecular mechanism that establishes the
conserved anterior domain of tll expression is evolutionarily
labile, as otd is not expressed early in viviparous aphid develop-
ment and cannot be regulating Ap-tll expression (Duncan et al., in
press; Huang et al., 2010). The anterior domain of tll has been
suggested to be less important than the posterior domain for
axial patterning (Lynch et al., 2006; Schroder et al., 2000), but the
posterior expression domain of tll appears to be restricted to the
holometabolous insects. Wingless is expressed in the posterior of
the embryo or the posterior growth zone during embryogenesis in
insects (Dearden and Akam, 2001; Nagy and Carroll, 1994),
crustaceans (Nulsen and Nagy, 1999) and non-insect arthropods
(Damen, 2002). This expression pattern is ancient, and pre-dates
the evolution of torso-like and canonical terminal patterning.
Taken together these data imply that the genes downstream
of terminal patterning in Drosophila have ancestrally been
expressed in anterior and/or posterior domains in the absence
of the canonical patterning pathway, and that it is the capture
of regulation of these genes that has allowed an ancestral system
to be co-opted into patterning the terminal regions of the
holometabolous insects, Drosophila melanogaster and Tribolium
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